Human enteroviruses (family Picornaviridae) are the major cause of aseptic meningitis and also cause a wide range of other acute illnesses, including neonatal sepsis-like disease, acute flaccid paralysis, and acute hemorrhagic conjunctivitis. The neutralization assay is usually used for enterovirus typing, but it is laborintensive and time-consuming and standardized antisera are in limited supply. We have developed a molecular typing system based on reverse transcription-PCR and nucleotide sequencing of the 3 half of the genomic region encoding VP1. The standard PCR primers amplify approximately 450 bp of VP1 for most known human enterovirus serotypes. The serotype of an "unknown" may be inferred by comparison of the partial VP1 sequence to those in a database containing VP1 sequences for the prototype strains of all 66 human enterovirus serotypes. Fifty-one clinical isolates of known serotypes from the years 1991 to 1998 were amplified and sequenced, and the antigenic and molecular typing results agreed for all isolates. With one exception, the nucleotide sequences of homologous strains were at least 75% identical to one another (>88% amino acid identity). Strains with homologous serotypes were easily discriminated from those with heterologous serotypes by using these criteria for identification. This method can greatly reduce the time required to type an enterovirus isolate and can be used to type isolates that are difficult or impossible to type with standard immunological reagents. The technique may also be useful for the rapid determination of whether viruses isolated during an outbreak are epidemiologically related.
Enteroviruses (EVs; family Picornaviridae) are responsible for 30,000 to 50,000 hospitalizations for aseptic meningitis per year in the United States. Other enteroviral diseases include mild illnesses such as common colds, hand-foot-and-mouth disease, and acute hemorrhagic conjunctivitis, as well as potentially life-threatening illnesses, including myocarditis, neonatal sepsis-like disease, and acute flaccid paralysis (18, 20) . Sixty-six human EV serotypes have been identified antigenically by using an antibody neutralization test (3, 4, 18) . The VP1 protein contains a number of important neutralization sites (for reviews, see references 15 and 19) , but the specific epitopes responsible for serotype specificity have not been identified.
Although the neutralization test is generally reliable for EV typing, it is labor-intensive and time-consuming and may fail to identify the serotype of a clinical isolate because of antigenic drift, recombination, or the presence of virus mixtures in the specimen being tested. Several laboratories have used nucleotide sequencing of the 5Ј nontranslated region (NTR) and the VP4-VP2 junction as diagnostic and epidemiologic tools, with some success (1, 6, 13) , but the sequences in these regions do not always correlate with serotype (1, 14, 22) . Since important neutralization sites reside in VP1, one would expect that the VP1 sequence or some portion thereof would correlate with serotype. We recently developed a database of complete VP1 sequences from all human EV serotypes and demonstrated that the VP1 sequence appears to correlate better with the serotype than does the sequence of either the 5Ј NTR or the VP4-VP2 junction (22, 23) . In the present study, we show that for clinical EV isolates of various serotypes, there is a 100% correlation between the nucleotide sequence of the 3Ј half of VP1 and antigenic typing by the standard neutralization test.
MATERIALS AND METHODS
Viruses. Fifty-one human EV isolates of 24 different serotypes were chosen from those processed in our laboratory during the period from 1991 to 1998 for routine nonpoliovirus EV (NPEV) reference testing. The viruses were from 19 different U.S. states and two other countries and were chosen to be representative of the serotypes in our collection for the period surveyed. To avoid the effects of sampling bias in the interpretation of sequence comparisons, no more than four isolates of any given serotype were chosen for sequencing. The isolates included examples of coxsackieviruses type A (CAs), coxsackieviruses type B (CBs), echoviruses, and numbered EVs.
Virus isolation and neutralization. The virus strains were isolated from a wide range of clinical specimens, including blood (n ϭ 1), cerebrospinal fluid (n ϭ 7), conjunctival swab (n ϭ 1), "lesion" (n ϭ 1), postmortem lung (n ϭ 1), nasopharyngeal swab (n ϭ 2), sputum (n ϭ 1), stool (n ϭ 18), and throat swab (n ϭ 8) specimens and nonspecified tissue specimens (n ϭ 11). Forty-four of the 51 strains were isolated from original clinical material by the submitting laboratory, most of which were U.S. state public health laboratories. The remaining seven strains were isolated from original stool specimens at the Centers for Disease Control and Prevention. All isolates were typed antigenically at the Centers for Disease Control and Prevention with standard World Health Organization antiserum pools (17) supplemented with additional pooled and monospecific antisera such that all human EV serotypes, as well as antigenic variants of echovirus type 4 (E4), E6, E11, and E30, could be identified (6a) .
RNA extraction and RT-PCR. Viral RNA was extracted from infected cell culture supernatant by using the QIAamp Viral RNA kit (QIAGEN, Inc., Santa Clarita, Calif.). Reverse transcription-PCR (RT-PCR) was carried out as described previously (22) . From each viral cDNA, an amplicon of approximately 450 bp encompassing the 3Ј half of VP1 and the 5Ј end of 2A was produced by PCR with the primer pairs 012 and 011 or 040 and 011 (see Table 1 ). Primer specificity was tested by PCR amplification of the prototype strain of each human EV serotype with both primer pairs (see Fig. 1 ). Amplification products were visualized by agarose gel electrophoresis and ethidium bromide staining. PCR products from clinical isolates were gel isolated and purified for sequencing with the QIAquick Gel Extraction kit (QIAGEN, Inc.) and sequenced on an automated DNA sequencer with fluorescent dideoxy-chain terminators (PE-Biosystems, Foster City, Calif.).
Sequence analysis. The sequences were compared with the sequences in the EV VP1 sequence database (23) by sequential pairwise alignment of the query sequence with each sequence in the database by using the algorithm of Needleman and Wunsch (21) implemented in the program Gap (7). The results of the pairwise comparisons were compiled and sorted in descending order by percent identity with the query sequence. The frequency of pairwise identity scores for all comparisons (51 clinical isolates each compared with 64 prototype strains), rounded up to the nearest integer value, was plotted versus the identity score.
Nucleotide sequence accession numbers. The sequences reported here were deposited in the GenBank sequence database under accession nos. AF081595 to AF081645.
RESULTS
Design of PCR primers. Since the EV VP1 sequences appear to correlate with serotype (23), we targeted this region for development of sequence-based molecular diagnostics. We have previously shown that group-and serotype-specific PCR primers which target conserved amino acid epitopes within the VP1 gene of polioviruses (PVs) could be designed (11, 12) . Using this approach, we designed degenerate deoxyinosinecontaining PCR primers that specifically recognize regions within or near the VP1 gene of NPEVs. To choose NPEV PCR primers with the broadest specificity within the Enterovirus genus, we relied on the conservation of specific amino acid motifs within VP1 and immediately 3Ј to VP1 in 2A. E22 and E23 were excluded, because it is likely that they will be reclassified as members of a new picornavirus genus, Parechovirus (16) . The motif MYVPPG was present in the deduced VP1 amino acid sequences of 44 prototype EV strains (23) . Thirteen prototypes had I substituted for V, and CA type 7 (CA7) contained A instead of V. CA12, CA14, and EV type 71 (EV71) contained the motif MFVPPG. In EV68 and EV70, a slightly different motif, MYVPTG, was present. For viruses in the CB-like phylogenetic group, the M(Y/F)(V/I)PPG motif is followed by G, whereas in all other EVs, the motif is followed by A (23). To account for differences between the virus groups and for codon degeneracy, two different inosine-containing primers were designed to anneal to this region (Table 1) . Primer 012 is based on the amino acid sequence MYVPPGG. Primer 040 is based on the amino acid sequence MY(V/I)P(P/ T)GA. The selectivities of these two primers are primarily due to the 3Ј base of each primer (i.e., 012 has a G at the 3Ј end and 040 has a C at the 3Ј end) ( Table 1 ). In addition, 040 contains increased degeneracy at positions 8 and 14 from the 3Ј end of the primer in order to detect those viruses that have an isoleucine (position 8) or a threonine (position 14) at these positions. For PCR, 012 and 040 were each paired with primer 011, which corresponds to the amino acid sequence FG(Q/ H)QSGA, which is present near the 5Ј end of the 2A gene and which is conserved among most EVs for which the 2A sequence is available.
Specificities of PCR primers. To assess the breadth of specificity and therefore the general applicability of the two primer pairs, both pairs were tested in RT-PCR assays with template RNA derived from each of the prototype human EV strains ( Fig. 1) . Primer pair 040-011 amplified 14 of 23 prototype CA strains (Fig. 1B) , as well as PV type 1 (PV1), E2, E6, E14, E16, E18, E19, E20, E24, E25, E27, E30, and E31 (Fig. 1A) . Primer pair 012-011 amplified 23 of 30 prototype echovirus strains (Fig. 1C) , as well as CA2, CA7, CA9, CA11, CB type 1 (CB1), CB2, CB3, CB6, and PV1 (Fig. 1D) . Twenty-two prototype strains were not amplified by either primer pair (CA10, CA13, CA15, CA16, CA20, CA21, CA22, CB4, CB5, E1, E7, E9, E21, E22, E23, E32, PV2, PV3, and EV68 to 71), despite the presence of RNA that was amplifiable with other primer pairs (data not shown). However, as shown in Table 2 , recent isolates of CA16, CA21, CB5, E7, E9, E21, and EV71 were successfully amplified (see below).
PCR amplification of clinical isolates.
To determine the utility of using viral sequence analysis as an EV typing tool, we compared the method of typing by partial sequencing of VP1 with the conventional antigenic typing method using 52 clinical isolates typed in our laboratory from 1991 to 1998. Despite the failure of primer pair 012-011 to amplify the prototype E7, E9, E21, CB4, and CB5 strains, primer pair 012-011 successfully amplified recent clinical isolates of each of these serotypes (Table 2) . Likewise, primer pair 040-011 amplified recent isolates of CA16, CA21, and EV71 but not the prototype strains of these serotypes (Table 2 ). These two primer pairs failed to amplify only one of the clinical isolates tested, a 1993 E6 isolate from Texas (isolate TX93-1673). The presence of am- plifiable RNA in that specimen was confirmed by amplification of 5Ј-specific sequences with panenterovirus primers (data not shown). For the other 51 isolates, a VP1-specific fragment was amplified from purified RNA by RT-PCR with primer pair 012-011 or 040-011. In most cases, only one of the two primer pairs produced a product of the expected size (data not shown). Molecular typing by sequence analysis. Partial VP1 sequences of 51 recent clinical EV isolates, when compared with the VP1 sequences of all prototype human EV strains, completely correlated with the serotype determined by the conventional neutralization test ( Table 2 ). The nucleotide sequences of recent clinical isolates were 72.4 to 95.2% identical to the sequences of their respective prototype strains and only 63.4 to 73.1% identical to the sequences of the highest-scoring heterologous prototype strains. The predicted partial VP1 amino acid sequences of the clinical isolates were 88.7 to 98.5% identical to that of the homologous prototype strain and 67.7 to 84.6% identical to that of the nearest heterologous prototype strain. With one exception, the difference between percent nucleotide sequence identity to the homologous prototype strain and percent identity to the highest-scoring heterologous prototype strain was at least 4.2%; this difference for TX95-2089, which was typed antigenically as E13, was only 0.9% (it was 72.4% identical to E13, whereas it was 71.5% identical to EV69), suggesting either that TX95-2089 has diverged significantly from the E13 prototype, that it may be a distinct new type which is closely related to both E13 and EV69, or that the prototype E13 strain (Del Carmen) is not representative of the serotype as a whole. The complete VP1 sequence of TX95-2089 was 72.6% identical to that of the prototype E13 strain, 70.1% identical to that of the prototype EV69 strain (second highest score), and 64.7% identical to that of the prototype E12 strain (third highest score) (data not shown). The predicted complete VP1 amino acid sequence of TX95-2089 was 88.2% identical to that of E13, 80.8% identical to that of EV69 (second highest score), and 70.0% identical to that of CB1 (third highest score), suggesting that TX95-2089 is probably a strain of E13 which has diverged in nucleotide sequence by accumulating mutations in the third codon position. TX95-2089 was neutralized by monospecific anti-E13 antisera but not by monospecific anti-EV69 antisera (data not shown).
Distribution of pairwise identity scores. The pairwise identity scores, rounded up to the nearest integer value, were plotted as a histogram of score frequency to determine whether the serotype could be unambiguously assigned strictly on the basis of nucleotide or deduced amino acid sequence identity scores (Fig. 2) . As shown previously for prototype strains (23), VP1 nucleotide sequence comparison scores were distributed in three major peaks: peak 1 consisted of scores for comparison of viruses of the same (homologous) serotype, peak 2 consisted of scores for comparison of viruses within the same major phylogenetic cluster, and peak 3 consisted of scores for comparison of viruses in different phylogenetic clusters. As de-FIG. 2. Distribution of pairwise amino acid identity scores. Peak 1 corresponds to comparisons of homologous strains (same serotype), peak 2 corresponds to comparisons of heterologous strains (different serotype) of the same major phylogenetic cluster, and peak 3 corresponds to comparisons of heterologous strains of different major phylogenetic clusters. scribed above, there was overlap between nucleotide sequence comparison peaks 1 (homologous serotype) and 2 (heterologous serotype, same cluster). Two heterologous-serotype pairwise comparison scores, WA92-1516 (E11) versus E19-Burke (72.9%) and WA93-1821 (E4) versus E1-Farouk (73.1%), were higher than the lowest homologous-serotype pairwise comparison score, TX95-2089 (E13) versus Del Carmen (E13) (72.4%) ( Table 2) . However, for a given clinical isolate, the homologous-serotype pairwise comparison score was always higher than the highest heterologous-serotype pairwise comparison score. The peak for homologous-serotype pairwise comparisons of deduced amino acid sequences was fully resolved from the peak for heterologous-serotype pairwise comparisons (Fig. 2) . The minimum homologous-serotype amino acid identity score for homologous-serotype pairwise comparisons was 88.7% (TX95-2089), and the maximum score for heterologous-serotype pairwise comparisons was 84.6% (NH97-2342 [CB3] versus CB1).
DISCUSSION
Molecular methods allow the rapid and specific detection of human EVs, mainly by targeting the 5Ј NTR (for a review, see reference 26). However, variability of the 5Ј NTR sequence within a serotype (2, 5, 6, 14) has prevented the use of this region for identification of clinical isolates to the serotype level. Phylogenetic studies targeting the VP4-VP2 junction suggested that this region may be more suitable than the 5Ј NTR for development of serotype-specific diagnostics (9, 24, 25) , but this region also appears to correlate only partially with serotype (1, 22) . The sequence at the VP1-2A junction has been used extensively to study PV transmission patterns, and PV VP1 sequences always cluster with sequences of isolates of the homologous serotype (10) . EV serotypes were defined on the basis of neutralization, and VP1 contains a number of important neutralization epitopes (15, 19) . Complete sequencing of the VP1 gene of all prototype human EV strains has also suggested that the VP1 sequence correlates well with serotype (23) . Therefore, we have targeted VP1 for development of NPEV serotype-specific molecular diagnostics. Two generic PCR primer pairs, 012-011 and 040-011, were sufficient for amplification and sequencing of the 3Ј half of VP1 from 44 of 66 prototype human EV strains (Fig. 1) . Recent isolates of 7 of the remaining 22 serotypes were also amplified with primer pair 012-011 or 040-011. The ability of the primers to amplify some but not all isolates within a serotype probably reflects a high degree of intratypic genetic diversity. This hypothesis is supported by the sequence comparison scores presented in Table 2 and suggests that more extensive sequencing studies are required to define the limits of intratypic diversity and provide a basis for the development of improved primers.
These two primer pairs were used to amplify 51 EV strains isolated from clinical material between 1991 and 1998. Simple pairwise comparison of the sequence of the unknown to a database of human EV VP1 sequences showed that the partial VP1 sequence fully correlated with the serotype determined by the conventional neutralization test. The results of the nucleotide sequence comparisons reflect the high degree of genetic diversity among EVs and illuminate the challenge that such diversity represents in the systematic design of nucleic acidbased diagnostic reagents. Degenerate inosine-containing PCR primers were developed to overcome such nucleotide sequence diversity by specifically targeting regions of conserved amino acid sequences (11, 12) . When the conserved sites flanked regions with high degrees of amino acid sequence diversity between serotypes, pairwise comparison of deduced amino acid sequences provided more resolution between homologous-serotype scores and those for heterologous serotypes than did nucleotide sequence comparisons, as previously shown for prototype EV strains (23) . A similar method has recently been applied to the classification of plant viruses in the family Potyviridae (28) .
The technique of viral protein fingerprinting has recently been used for the typing and characterization of clinical EV isolates (8) . The method was specific and 97% accurate, but the radiolabeled proteins generate radioactive waste and the method requires the use of specialized instrumentation for data acquisition and analysis. In addition, the database of protein patterns available for comparison contains representatives of fewer than one-third of the 66 known human EV serotypes. PCR is well established in most research and many clinical laboratory settings; nucleotide sequencing can be performed manually without radiolabeled compounds at low cost and with minimal initial investment, and automated sequencing instruments are also widely available. Sequencing may also be outsourced at reasonable cost to one of the many commercial sequencing laboratories. The computer analysis of sequences may be performed with any of the free or inexpensive sequence alignment programs that are available for several popular computing platforms. Finally, the complete VP1 sequences of the prototype strains of all 66 known human EV serotypes are freely available through GenBank, and the sequences of additional strains of many serotypes are also available. Another advantage of typing by PCR and sequencing is that the virus need not be cultivable in cell culture if the VP1 fragment can be directly amplified from the original clinical material. While we have not attempted direct amplification in the studies described here, others have successfully amplified EV-specific fragments from cerebrospinal fluid and other original clinical material (27) ; therefore, it should be possible to adapt their methods to our VP1 RT-PCR.
The sequence of the 3Ј half of VP1 has proved to be an excellent genetic correlate for the EV serotype. In our own laboratory, we have adopted sequencing as the primary typing method, with confirmation by neutralization with monospecific antisera. Application of PCR and partial VP1 sequencing to the routine laboratory diagnosis of EV infections and serotyping of virus isolates will greatly reduce the time needed to type EV isolates (2 to 3 days versus 1 to 2 weeks). Rapid serotyping may also provide the clinician with greater diagnostic information within a clinically relevant time frame, enabling, for example, the use of type-specific immune globulin in the immunodeficient patient or the use of an antiviral agent which may exhibit differential efficacy for different EV serotypes. The VP1 sequence will also be useful in EV taxonomy, in the identification of new EV types, and in molecular epidemiologic studies of enteroviral disease outbreaks.
